Introduction {#sec0001}
============

In 2019, an enveloped positive-sense, single-stranded bat-borne [@bib0001], [@bib0002], [@bib0003] highly pathogenic RNA virus, SARS-CoV-2 jumped to humans ([Fig. 1](#fig0001){ref-type="fig"} ). The pandemicity of the virus [@bib0004] and the ensuing economic, social, and political disruption from widespread morbidity and mortality [@bib0005] has galvanized the clinical community and regulatory authorities to accelerate the pace of vaccine and treatment trials.Fig. 1Zoonotic origin of SARS-CoV-2. Severe acute respiratory syndrome (SARS-CoV-2) was originally a bat virus that spread to humans.Fig. 1

RRx-001 (N-(bromoacetyl)-3,3-dinitroazetidine) ([Fig. 2](#fig0002){ref-type="fig"} ) is a targeted, small-molecule nitric oxide (NO) donor with anticancer activity. This agent is being studied in a Phase 3 clinical trial to treat advanced small cell lung cancer (SCLC) [@bib0006]. Like chloroquine [@bib0007] and hydroxychloroquine, RRx-001 is coupled to red blood cells [@bib0008] (RBCs), which mostly mediate the normal tissue protective, antitumor and antipathogenic properties of RRx-001 ([Fig. 3](#fig0003){ref-type="fig"} ). In preclinical testing, RRx-001 has demonstrated activity against malaria [@bib0009], Ebola, tuberculosis, and leishmaniasis. Importantly, under hypoxic conditions, RRx-001 is a NO donor, resulting in targeted NO delivery to hypoxic tissues such as tumors. NO improves oxygenation through pulmonary vasodilation [@bib0010]. Consequently, targeted NO delivery to hypoxic lung tissue may lead to reversal of hypoxic pulmonary vasoconstriction caused by infection, inflammation, and edema and might treat or help prevent acute respiratory distress syndrome (ARDS) [@bib0011]. In preclinical models, RRx-001 has been demonstrated to reduce pulmonary artery hypertension (PAH) (manuscript in preparation). We review the evidence that RRx-001 potentially alleviates pulmonary pathology including pneumonia, acute lung injury (ALI) and ARDS and the potential for use of this agent to manage pulmonary symptoms caused by COVID-19.Fig. 2Potential protective antioxidant and anti-inflammatory effects of RRx-001 on SARS-CoV-2-induced lung injury. RRx-001 may provide support for patients with ALI/ARDS and related complications. It is associated with Nrf2/antioxidant response element signaling, which effectively reduces ROS levels, which are elevated in acute lung injury (ALI), and inhibition of the proinflammatory NF-κB pathway. ARDS = acute respiratory distress syndrome.Fig. 2Fig. 3RRx-001 binding to hemoglobin. RRx-001 selectively, rapidly, and irreversibly binds glutathione (GSH) and a specific thiol on hemoglobin on Cys 93 With permission from: Scicinski et al. Discovery and Development of RRx-001, a Novel Nitric Oxide and ROS Mediated Epigenetic Modulator in Nitric Oxide and Cancer: Pathogenesis and Therapy pp 259-277.Fig. 3

COVID-19 pathogenesis and the potential role for RRx-001 as an acute treatment {#sec0002}
==============================================================================

Patients with COVID-19 due to SARS-CoV-2 infection present with a spectrum of symptomatology ranging from mild (upper respiratory infection and non--life-threatening pneumonia) to critical (hypoxemic pneumonia and ARDS); severity is related to advanced age and/or medical comorbidities such as cardiovascular disease, diabetes mellitus, morbid obesity, chronic lung disease, hypertension, and cancer [@bib0012]. Major complications of COVID-19 [@bib0013] include ALI/ARDS, sepsis, respiratory failure, heart failure, cardiomyopathies, sudden cardiac arrest, and cytokine storm, which is associated with an overproduction of IL-1β, IL-2, IL-6, IL-8, both IFN-α/β, tumor necrosis factor (TNF), C-C motif chemokine 3 (CCL3), CCL5, CCL2, and IP-10 [@bib0014].

A preexisting proinflammatory state, which is common to old age, obesity, tobacco abuse, infections, malignancies, autoimmune, and cardiopulmonary disease, may be the common denominator that underlies susceptibility to cytokine storm and adverse outcomes in COVID-19 [@bib0015] hence, the rationale to treat with immune/cytokine modulators such as chloroquine/hydroxychloroquine +/− azithromycin [@bib0016], tocilizumab, an IL-6 inhibitor [@bib0017], anakinra, an IL-1β antagonist, and certolizumab pegol, an anti-TNF blocker. The preexisting proinflammatory response is intensified at sites of SARS-CoV-2-tissue injury due to the release of chemokines and growth factors, which initiate an influx of neutrophils and monocytes that lead to more tissue injury with endothelial cell damage, vascular permeability, edema generation, and increased inflammatory cell accumulation, constituting a vicious circle [@bib0018].

The mechanisms by which RRx-001, which has been evaluated extensively in both SCLC and non--small cell lung cancer may attenuate the severity of SARS-Co-V-2 infection include NO release under hypoxia, antioxidation through Nrf2 generation, and NFκB inhibition.

RRx-001-induced release of NO under hypoxia {#sec0003}
===========================================

NO, a short-lived free radical gas, binds to soluble guanylyl cyclase, and increases the formation of guanosine 3′,5′-monophosphate from guanosine triphosphate, an increase which is responsible for a range of effects including blood vessel relaxation and increased blood flow, bronchodilation, and antiviral activity including against SARS coronavirus \[[@bib0019],[@bib0020]\]. Three distinct isoforms of the enzyme nitric oxide synthase (NOS) generate nitric oxide. These are neuronal nNOS (or NOS I), inducible iNOS (or NOS II), and endothelial eNOS (or NOS III) [@bib0021]. All NOS isoforms depend on the presence of molecular oxygen to produce NO from L-arginine [@bib0022]. In ischemic/hypoxic conditions, when the endogenous NOS pathway is inactivated, the main source of NO is from deoxyhemoglobin-mediated nitrite reduction. Therefore, red blood cells improve perfusion and oxygen supply to hypoxic tissues through NO generation [@bib0023].

RRx-001 binds to a ubiquitous residue on hemoglobin called beta cysteine 93, which enhances the enzymatic conversion of nitrite to NO and leads to its overproduction and release only under hypoxic conditions only \[[@bib0024],[@bib0025]\]. ([Fig. 3](#fig0003){ref-type="fig"}) Unlike approved NO donors such as nitroglycerin, isosorbide dinitrate and nitroprusside, where systemic-wide NO release occurs, RRx-001-mediated NO production is selectively targeted to ischemic tissues. Consequently, side effects such as methemoglobinemia, hypotension, dizziness, or headache are not observed [@bib0026]. Clinical [@bib0027] and preclinical data has shown that RRx-001 administration increases blood flow to profoundly hypoxic tumors [@bib0028] in an NO dependent manner [@bib0029]. Studies, have also demonstrated that RRx-001 improves tissue blood flow in other ischemic disorders such as sickle cell disease, hypoxic pulmonary hypertension (manuscript in preparation), doxorubicin-induced heart failure [@bib0030], cerebral malaria-induced vasospasm [@bib0031], ischemia-reperfusion injury [@bib0032] and hemorrhagic shock [@bib0033] while additional experiments are planned or ongoing in peripheral artery disease, critical limb ischemia, and vasculitis.

Potentially beneficial characteristics of nitric oxide for the management of COVID-19 include:•Treatment of pulmonary arterial hypertension in ARDS.•Direct antiviral potential of NO since S-nitroso-N-acetylpenicillamine, an NO donor, prevented SARS coronavirus (SARS-CoV-1) viral replication *in vitro* [@bib0034].

PAH is a ubiquitous complication of ARDS [@bib0035]. The main consequence of PAH is right heart failure with reduced systemic oxygen delivery. RRx-001 was tested in an animal model of PAH against the FDA approved endothelial receptor antagonist, Bosentan. The results demonstrated that, similar to Bosentan, RRx-001 attenuated pulmonary artery and right ventricular remodeling.

Inhaled NO has been shown to decrease V/Q mismatch and shunt [@bib0036] and to improve arterial oxygenation in patients with ARDS [@bib0037] since the vasodilatory effects are limited to well-ventilated lung regions. However, with RRx-001, oxygenation is expected to improve due to improved cardiac output and reduced pulmonary venous remodeling.

Nrf2 activation and NFκB inhibition {#sec0004}
===================================

In the pathogenesis of ALI/ARDS, with occurs in COVID-19, oxidative stress and inflammation [@bib0038] are 2 key interrelated factors [@bib0039]. RRx-001 has previously been demonstrated to activate Nrf2 [@bib0040] and inhibit NF-κB. Inflammation induces oxidative stress, which, in turn, feeds forward and amplifies inflammation through the activation of the proinflammatory mediator, nuclear factor kappa B (NF-κB). In ALI/ARDS, excessive reactive oxygen species mediates epithelial and endothelial injury, lung edema, and protein leakage. Nrf2, a master regulator of antioxidative responses, induces genes that reduce overall reactive oxygen species levels. Consequently, RRx-001 is expected to help protect pulmonary parenchyma by induction of Nrf2.

At the other end of the spectrum, NF-κB, a p50/p65 heterodimer is one of the main transcription factors, which produce proinflammatory cytokines and enzymes such as IL-1β, TNF-α, cyclooxygenase-2 (COX-2), and IL-6 and induce lung injury. Thus, as a dual Nrf2 inducer and NF-κB inhibitor, RRx-001 may provide antioxidant protection against COVID-19-induced lung injury, as illustrated in [Figs. 2](#fig0002){ref-type="fig"}, [3](#fig0003){ref-type="fig"}, [4](#fig0004){ref-type="fig"} .Fig. 4Potential protective antioxidant and anti-inflammatory effects of RRx-001 on SARS-CoV-2-induced lung injury. RRx-001 may provide support for patients with ALI/ARDS and related complications. It is associated with Nrf2/antioxidant response element signaling, which effectively reduces ROS levels, which are elevated in acute lung injury (ALI), and inhibition of the proinflammatory NF-κB pathway. ARDS = acute respiratory distress syndrome.Fig. 4

Safety {#sec0005}
======

RRx-001 has been evaluated and well tolerated in over 300 patients treated in clinical trials that have enrolled patients with cancer (Table 1). The main RRx-001-related adverse event is localized pain or discomfort at the site of infusion, which is mitigated with corticosteroid premedication. No maximally tolerated dose was ever reached with RRx-001 and no dose-limiting toxicities have been reported to date either as monotherapy or in combination with chemotherapy.

Conclusion {#sec0006}
==========

In the face of the dire global threat presented by the SARS-CoV-2 virus, more than 20 medicines [@bib0041], including human immunoglobulin from convalescent sera, interferons, inhaled nitric oxide, chloroquine, hydroxychloroquine, arbidol, remdesivir, favipiravir, lopinavir, ritonavir, oseltamivir, methylprednisolone, bevacizumab, and traditional Chinese medicines have been therapeutically repurposed or repositioned and used to treat patients with COVID-19. Hopefully, like with the Ebola virus, a fully protective vaccine candidate will emerge. [@bib0042] However, in the meantime, new treatment strategies are urgently needed given the high mortality rate and the economic and social upheaval, which has ensued.

Evidence in both animal models and cancer clinical trials has demonstrated that RRx-001 is protective for the lungs against the toxicities of chemotherapy and radiation potentially through Nrf2 activation and NF-κB inhibition. Furthermore, in animal models of pulmonary hypertension, RRx-001 has been shown to blunt adverse pulmonary vascular remodeling and reduce right ventricular hypertrophy. In clinical studies involving RRx-001, the incidence of chronic obstructive pulmonary disease exacerbations and pneumonia in a heavily smoking SCLC population has been significantly less than expected, suggesting protection of lung parenchyma.

On the basis of its targeted production of NO in hypoxic tissue, RRx-001 has the potential to reduce the pulmonary toxicity associated with the COVID-19 infection. RRx-001 has demonstrated a favorable safety profile in clinical studies of over 300 cancer patients and will be evaluated for safety and activity in clinical trials for patients experiencing infection with COVID-19. As a red blood cell based therapeutic, RRx-001 may serve as a less toxic alternative to chloroquine for the treatment of COVID-19. Finally, because RRx-001 experimentally ameliorated ischemia-reperfusion injury, it may also have the potential to reduce the morbidity of oxygen toxicity and ventilator-induced lung injury.

In summary, while protease inhibitors may decrease viral burden, inhaled nitric oxide may reduce V/Q mismatch, anticytokine therapy may treat cytokine storm or prevent its progression, and immunomodulators like chloroquine/hydroxychloroquine may inhibit viral replication, RRx-001 may serve as an all-in-one therapy, which improves cardiopulmonary function, decreases viral burden and reduces the systemic inflammatory response. Results from pending clinical trials of RRx-001 in COVID-19 disease are eagerly awaited.
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